Routine use of the antibiotic flavomycin in broiler production may lead to resistance, and alternative growth promoters are used to enhance performance. Two hundred day-old male Ross 308 broiler chicks were allocated to five dietary supplements included from d 1-42: flavomycin, three possible alternatives, a probiotic, prebiotic and a synbiotic, as well as a control treatment. There were four replicate cages of 10 birds each in each treatment. Compared with the control and antibiotics treatments, the probiotic, prebiotic and synbiotic treatments increased (p = 0.001) weight gain (64, 66, 73, 70 and 74 g/d, respectively). The synbiotic treatment reduced (p = 0.004) the feed conversion ratio, compared with the control and antibiotic treatments (1.70, 1.84, 1.83, respectively). Compared with the control and antibiotic treatments, the birds fed the synbiotic treatment had greater relative gizzard (+47%) and spleen weights (+115%), and lighter kidneys (−47%). The birds fed the symbiotic treatment also had thinner walls of the caudal gut segments. The prebiotic had the most beneficial effect on cecal microbiota, stimulating aerobic and lactic acid producing bacteria and reducing Escherichia coli bacteria. Enterococci were increased in the antibiotic treatment. We conclude that there were significant performance and health benefits of using prebiotics, probiotics and synbiotics for broilers, rather than antibiotics.
Introduction
Antibiotics have been used as growth promoters in broiler production systems in several parts of the world, including North America, for over 50 years. The antibiotic flavomycin inhibits growth of micro-organisms by intervening in the biosynthesis of murein, a structural substance in their cell walls (Merck Animal Health 2017) . Specifically, the enzyme glycosyl transferase, which plays an essential role in the synthesis of the cell wall of Gram-positive bacteria, including lactobacilli and bifidobacteria, cannot distinguish between flavomycin and the natural murein compound. This prevents murein synthesis from taking place and damage to the murein layer causes cell lysis. As a result cecal E. coli and Salmonella colony-forming units decline (Ni et al. 2012) , but the desirable lactobacilli and bifidobacteria are unharmed. Flavomycin increases villus length and reduces crypt depth in the duodenum, jejunum and ileum (Ni et al. 2012) . These combined effects result in reduced weight of intestinal tissue and turnover of mucosal cells (Visek 1978) , leading to increased carcass body weight gain (Wang et al. 2016; Attia et al. 2011) . However, antibiotics fed to chickens may cause resistance and cross resistance to antibiotics in pathogenic bacteria (Thapaliya et al. 2017) , and for E. coli at least, in one study with limited sample size, there was a strong indication that transmission of resistance from poultry to humans had occurred (van den Bogaard et al. 2001) . Despite this, there are differences of opinion about whether the emerging antibiotic resistance is largely due to overuse in the human community (Cervantes 2015) . However, consumer demand for antibiotic free poultry products is strong and hence there is a need to find alternatives to antibiotics that will stimulate growth performance, health and immunity in broilers.
Probiotics are microbial feed supplements which have a contrasting mode of action, potentially improving the microbiota balance in the intestine, inhibiting the growth of pathogenic bacteria, promoting digestion, lowering cholesterol levels and boosting immune function (de Vrese and Schrezenmeir 2008; Sharifi et al. 2012) . Prebiotics are indigestible substances, mainly oligosaccharides, to the host animal, which stimulate the growth of health-promoting bacteria in the gastrointestinal tract, in particular, the lactobacilli and bifidobacteria, and/or reduce pathogenic bacteria by competing for their attachment sites on the intestinal mucosa.
Combinations of prebiotic and probiotics are known as synbiotics, because of their potentially synergistic activities in promoting beneficial microbiota in the gastrointestinal tract (de Vrese and Schrezenmeir 2008) . Growth-promoting effects, associated with increased villus height and crypt depth have been observed in intestinal mucosa of broiler chickens (Awad et al. 2009 ). Some, but not all, research has demonstrated long term benefits to body weight gain of probiotic, prebiotic and synbiotics (Shokryazdan et al. 2017; Midilli et al. 2008] . These apparent equivocal results are probably explained by different strains, quantities, survivability and dietary nutrients between studies (Hwang et al. 2009 ), which prompted us to conduct further research to evaluate the potential for probiotics, prebiotics and synbiotics to replace flavomycin in broiler diets as a growth promoter.
The objective of the study was to compare the effects of probiotics, prebiotics and synbiotics with that of the antibiotic flavomycin on the growth performance, carcass characteristics, blood parameters, microbiota and immunity in broiler chickens.
Material and methods

Ethical approval
The experimental procedures were approved by the Ethics Committee of Rasht Branch, Islamic Azad University.
Animals and husbandry
Two hundred day-old Ross 308 male broiler chicks Aviagen (2014) were purchased from a commercial hatchery. Ten broiler chicks were placed in each of the 1.5 × 1 m cages, providing a floor area/bird of 0.15 m 2 . Cages were centrally positioned in a thermostatically-controlled curtain side-walled poultry barn. The cage floors were covered with shredded paper as litter, and the birds remained in the cages for the duration of the experiment, which ended when they were 42 days of age. Ambient temperature within the poultry barn was maintained with supplemental heat from thermostatically-controlled gasoline rocket heaters, and misting was used to maintain relative humidity in the barn at 55 to 65%. Ambient temperature was controlled at 32°C at time of placement of the birds in the cages and decreased progressively to 24°C at 3 weeks of age, after which it was maintained at 24°C until the termination of the study, according to the instructions for Ross-308 broilers (Aviagen 2014) . Controlled lighting and tunnel ventilation were included in the barn. Lighting was provided by 23 W fluorescent tubes in ceiling fixtures. Constant light was provided on day 1, after which lighting was set at 21 h per day until the end of the study. Air circulation within the poultry barn was facilitated by 3 wall-mounted 60 cm diameter fans at one end of the barn and 160 cm diameter wall-mounted exhaust fans at the other end to establish tunnel ventilation.
Feed and treatments
A three phase feeding program was used, consisting of a starter feed from d 1-14 of age, grower feed from d 15-28, and finisher feed from d 29-42. Treatments are presented in Table  1 . The ingredient and nutrient composition of the diets (Tables 2 and 3 ) met or exceeded Ross 308 catalogue recommendations (Aviagen 2014) . Common thyme (Thymus vulgaris) was added to all grower and finisher diets for its phenolic compounds (methyl-1-2-isopropyl phenol) and carvacrol (5-isopropyl-2-methyl phenol), because an antimicrobial was required for the birds in the control treatment, that would have been otherwise unprotected.
The day-old chicks were allocated to 20 groups (5 treatments and 4 replicates of each treatment) of 10 birds, so that mean body weights were similar across groups. Each cage of 10 chicks was assigned at random to a specific dietary treatment group.
Antibiotic flavomycin (Bambermycin, Flavomycin, Huvepharma, Sofia, Bulgaria) (15 ppm), probiotic (Protexin, Probiotics International Ltd., Lopen Head, Somerset, United Kingdom) (0.1 g/kg), prebiotic (Immunoval, Nutriva, Cabassi and Giurati, Padova, Italy) (0.1 g/kg) and synbiotic (Biomin IMBO, Herzogenburg, Austria) (0.15 g/kg) powders were added based on manufacturers' recommended rate to the basal starter, grower and finisher diets for evaluation of their effects on broiler performance, carcass characteristics, blood parameters, microbiota and immunity in broiler chicks (Table 1) . The prebiotic (Immunoval, Nutriva, Cabassi and Giurati, Padova, Italy) was based on polysaccharides derived from a plant used for Chinese medicine, milkvetch (Astragalus membranaceus) (16% polysaccharides) (16.7 mg/g), beta 1,3 glucans (1.85 mg/g), lactoferrin (1.85 mg/g) and L-glutamine (1.85 mg/g). Milkvetch is associated with enhanced immunocompetence (American Cancer Society 2010). The synbiotic (Biomin IMBO, Herzogenburg, Austria) was selected as a commercial product and contained a prebiotic derived from chicory, fructo-oligosaccharides, phycophytic substances from sea algae, cell wall fragments derived from characterised and classified useful microorganisms selected from >60 different microbial preparations, inulin and Enterococcus faecium (5 × 10 11 cfu/kg (Mohammadian et al. 2013) ).
Measurements
A comprehensive study with relevance to current practice requires evidence from chickens' performance, carcass traits associated with yields of saleable meat (principally drumsticks, breast and wings) (Jahanpour et al. 2015; Shabani et al. 2015) , as well as gastrointestinal tract measurements that will help to understand the localized effects of ingested growth-regulating agents on gut morphology, haematology to elucidate the pharmacological effects, immunity, and microbiota (Toghyani et al. 2011 ).
Performance traits
Feed intake was recorded for individual cages and weight gain was recorded weekly for individual birds. Feed conversion ratio was calculated as feed intake divided by weight gain. The effects of the treatments on the performance of the birds at different stages of their growth and on the economic impact of the different treatments have been reported separately (Tayeri et al. 2015) .
Carcass traits
At the age of 42 days, after 4 h of fasting for complete evacuation of the gut, one representative bird from each cage replicate (10% of birds, n = 4/treatment) was selected and euthanized. These were birds that were most similar to mean body weight for the group, and they were immediately dissected to measure carcass yield and distribution of meat and gastrointestinal tract characteristics. Birds were fully plucked by the dry plucking method (Ebrahimi et al. 2014) . Feet were separated from the carcass at the tibio-tarsal joint. Neck, wingtips, gut and liver were removed and the remaining carcass was weighed and intestinal segments dimensions were recorded. Carcasses were left for one hour to remove excess water and allowed to sit overnight in a refrigerator at 4 ± 1°C, after which carcass weight was determined as the ratio between the eviscerated weight and live weight × 100. The following body parts were removed from the carcass by dissection: head, breast, wings, femurs, abdominal fat, pancreas, gizzard, crop, lungs, heart, liver, kidneys, and digestive tract. The remaining body was defined as the carcass. The empty small and large intestines were divided into their constituent parts. Small intestine: duodenum (from the gizzard outlet to the end of the pancreatic loop), jejunum (from the pancreatic loop to Meckel's diverticulum) and ileum (from Meckel's diverticulum to the ileo-caeco-colic junction). Large intestine: right and left cecum, colon and rectum. The maximum length, width and wall thickness of duodenum (from the gizzard outlet to the end of the pancreatic loop), ileum (from Meckel's diverticulum to the ileo-ceco-colic junction), jejunum (from the pancreatic loop to Meckel's diverticulum), left and right ceca (identified from a ventral perspective) and colon were recorded using a ruler. Head, breast, wings, abdominal fat, pancreas, full gizzard, full crop, lung, heart, liver, kidney, spleen, bursa of Fabricius, brain, testicles, duodenum, ileum, jejunum, colon, left and right ceca, vertebral column with remaining neck and proventriculus were weighed in order to investigate as many possible sites of action of the growth promoters as possible. Economicallyrelevant parts of the carcass were dissected and weighed. Breast, including skin and sternum, drum sticks by exarticulation in the hip joint and dissecting tissue from the iliac bone and all abdominal fat (around the rectum, gizzard and proventriculus).
The total weight of all dissected parts and the weights of various segments of the digestive tract were related to the totally eviscerated carcass. Calculated as per cent according to the following formula: [(weight of component(s)/eviscerated carcass weight) × 100].
Hematology traits
Before blood collections were made, feed was removed from all the birds for a period of four hours in an attempt to allow stabilization of the various plasma constituents, and all blood sampling was done in the morning to further reduce the variability of the plasma constituents to be measured. At 42 days of age, a 5 mL volume of venous blood was collected from the ulnaris vein in the wing of a different bird as used for dissection, from each replicate. The bird was chosen as the male most similar to mean body weight for the group. The whole blood sample was transferred from the syringe into a tube coated with 10 mg of the anticoagulant ethylenediamintetraacetic acid (EDTA). Samples were transferred to the laboratory for analysis within 2 h of collection. Blood samples were centrifuged at 2513 RCF (g-force) for 20 min to separate the blood cells from the plasma. Plasma was collected and stored at −20°C until analysis for plasma constituent based on the following standard protocols. Glucose was measured by a glucose-oxidase photometric assay. Cholesterol, triglycerides, high density lipoprotein (HDL), low density lipoprotein (LDL) and very low density lipoprotein (VLDL) were determined by enzymatic CHOD-PAP (Tan et al. 1991) . Uric acid was determined by enzymatic methods using the uricase-TOOS method (Kato et al. 2000) . Albumin was determined based on the bromocresol green method (Maxwell et al. 1990 ), whereas total protein was assayed by the Biuret method (Maxwell et al. 1990 ).
Alkaline phosphatase was assayed as described by Thomas (Thomas 1998) .
Microbiota traits
At 21 and 42 days of age, one representative chicken was selected from each experimental unit (10 and 11%, respectively, of birds), considering the size distribution, and slaughtered. The contents of both ceca were collected for microbial culture. Tubes were weighed, autoclaved and cecal contents added to petri dishes with the relevant agars for the bacteria of interest [36] . After serial dilution and anaerobic incubation, bacterial units were counted by a colony counter and adjusted to 1 g sample. Man Rogosa Sharpe agar, 1.10660.500, to culture Lactobacilli, nutrient agar (1.05450.0500) to culture total aerobic bacteria counts, Eosin Metilan Blou (EMB, 1.01347.0500) to culture Escherichia coli, and Slantez and barley agar (450430) to culture Enterococci. After shaking for 30 min, 1 ml samples of the prepared suspension were added into 9 ml PBS for serial dilution at 10 dilutions and added to the petri dishes, which were incubated under anaerobic conditions at 37°C for 72 h.
Statistical analysis
This study was a completely randomized design with five treatments and four replicates per treatment. Data were analyzed by SPSS (SPSS Inc 2011), using the generalized linear model (GLM) procedure and the statistical comparison between treatments that showed overall significance was by Duncan's test at the 95% probability level. The data recorded as ratio or percentage within the range 0 and 30% was adjusted by taking the square root (Cox 2007) . Other data recorded as a ratio or percentage were transformed by x 0.5 + 0.5.
Results and discussion
All birds remained healthy throughout the trial and there was no mortality. There was no effect of treatment on feed intake (Table 4) . However, weight gain was greater for broilers (p = 0.001) fed the synbiotic (73.6 g/d), probiotic (72.8 g/d) and prebiotic treatments (69.8 g/d), when compared with broilers fed the antibiotic (66.3 g/d) or no supplement (64.2 g/d). Feed conversion ratio was lower in the synbiotic treatment (1.70) compared to the feed conversion ratio of birds fed the control (1.84) and antibiotic (1.83) treatments, with the prebiotic and probiotic treatments less than the control but the same as other treatments. The growth promoting benefits of the synbiotic Biomin ® IMBO that we observed have been reported previously, and our results show that it was associated with better feed efficiency (Mousavi et al. 2015) . Previous research has supported a benefit in growth rate of including flavomycin in the diet of broilers (Attia et al. 2011) , although this does not always translate into improved feed conversion efficiency as feed intake can be also increased (e.g. Attia et al. 2011; Denli Çelik and Okan 2003) . Some studies have shown limited or no benefit in terms of growth or carcass yield of supplying flavomycin (e.g. Haque et al. 2010) . In contrast to this study, including the same probiotic as used in the current study has been found to reduce growth rates (e.g. Sharifi et al. 2012 ). Such diverse results may arise from the varied numbers and types of gastrointestinal micro-organisms present in the different studies, which are usually not measured. The eviscerated carcass, as a percentage of the body weight, was greater for broilers fed the synbiotic (78.7%) and the control (74.5%) treatments, than those receiving the antibiotic treatment (66.4) (p = 0.03). Birds receiving the prebiotic (70.4%) and probiotic (70.7%) treatments had a significantly less eviscerated carcass percentage compared to the eviscerated carcass percentage of birds fed the synbiotic treatment but not the control.
The percentage of the economically-valuable parts as drumsticks was greatest (p = 0.002) for broilers fed the synbiotic (30.6%) and the control treatments (29.9%) and least for broilers fed the prebiotic (26.8%) and antibiotic (25.6%) treatments (Table 5) . Increases in the drumstick part of the legs, as a proportion of the eviscerated carcass, may reflect more rapid maturation as a result of faster growth. Greater physical activity as a result of the many health benefits of the synbiotic Hassanpour et al. (2013) cannot be ruled out. As this was not measured in this experiment, it should be considered for inclusion in future experiments. Similar to this experiment, Pruszynska-Oszmalek et al. (2015) found that a synbiotic containing either inulin or galacto-oligosaccharides with probiotic bacteria injected in ovo on d 12 of embryo development increased body weight, and therefore we infer probably drumstick weight, at the end of the rearing period. Benefits of both prebiotic and probiotics on broiler growth have also been demonstrated, but not evidence of synergistic effects of providing both a prebiotic and probiotic together (Mookiah et al. 2014) .
Breast and wing proportions were not affected by treatment (p > 0.05). The percentage of carcass weight that was abdominal fat was less (p = 0.008) for broilers fed the synbiotic (0.83%), probiotic (0.82%) and control (0.85%) treatments, compared with the percentage of carcass weight that was abdominal fat from broilers fed the antibiotic (1.48%) and the prebiotic (1.45%) treatments (Table 6 ). The kidneys, as a percentage of carcass weight, were lighter in the synbiotic treatment (0.37%) than the kidney from birds fed the antibiotic (0.79%) and prebiotic (0.70%) treatments. Treatment did not affect the proportion of carcass weight as thoracic vertebrae, heart, neck, head, brain or lungs (p = 0.09, 0.45, 0.25, 0.10, 0.16, 0.59, respectively). The cranial gut evaluation determined that the gizzard, as a percentage of carcass weight, was increased in the synbiotic treatment (3.78) when compared to the other treatments (2.38-2.76) (p = 0.04) ( Table 7 ). The percentages of the carcass as proventriculus, crop and pancreas were not affected by treatment (p = 0.07, 0.65, 0.11, respectively). The duodenum of birds in the synbiotic treatment (35.4 mm) was longer when compared to the duodenum from birds fed the prebiotic (30.5 mm), probiotic (23.5 mm) and control (29.6) treatments (p = 0.02), but with a narrower wall thickness (0.72 mm), compared with the other treatments (1.11-1.41 mm) (p = 0.003) ( Table 8 ). In broilers receiving the prebiotic treatment the duodenum was wider (8.2 mm), compared with the control (6.4 mm) (p = 0.05), and the ileum was wider (8.47 mm), compared to the ileum width from birds fed the control (6.03 mm) or synbiotic (7.05 mm) treatments (p = 0.02). The walls of both the jejunum (0.86 mm) (p = 0.01) and the ileum (0.64 mm) (p = 0.0001) were thinner in broilers receiving the synbiotic than in the other treatments (1.15-1.27 and 1.23-1.34 mm, respectively). In contrast to these results, previous research has demonstrated a reduction in the relative weight and length of the small intestine by including flavomycin in the diet (Sarica et al. 2005) . The absence of effects of flavomycin on cranial gut components, compared to the control, in our study may be due to differences in the hygienic environment. Similarly no effects of the probiotic were recorded in this experiment, but longer villi length in the small intestine have previously been recorded when the same probiotic as in this study was included in the diet of broilers (Sharifi et al. 2012) .
The right cecum weight as a percentage of carcass weight was greater in the antibiotic treatment (0.33) compared to the control (0.24) and probiotic (0.29) (p = 0.01). Walls of the right (p = 0.001) and left (p = 0.01) cecum were thinner in the broilers receiving the synbiotic (0.92, 1.00) than those receiving the probiotic (1.31, 1.24), antibiotic (1.21, 1.26) or the control (1.17, 1.17), respectively. The length and width of the ceca were not affected by treatment. The rectum was a lesser percentage of the carcass in broilers receiving the probiotic treatment (0.07), compared with the control (0.11), antibiotic (0.12) and synbiotic (0.12) treatments (p = 0.02). It was shorter in the synbiotic (3.02 mm) and probiotic (3.15 mm) treatments compared with the antibiotic (4.45 mm) and control (4.35 mm) treatments (p = 0.01), and the wall was thinner in the synbiotic (0.96 mm) treatment than in all treatments except the probiotic (1.30-1.37 mm) (p = 0.05).
The reduced wall thicknesses of the duodenum, jejunum, ileum, colon, cecum and rectum in synbiotic-supplemented broilers in our study were consistent, but there is little scientific literature to support this. Awad et al. (2009) reported that the small intestine was heavier in birds fed a synbiotic than in control birds. In a similar study (Hassanpour et al. 2013) , differential effects on villi length were observed, with increases in the duodenum at low synbiotic concentrations and reductions in the ileum and jejunum at high synbiotic concentrations. The latter was most probably due to effects of the prebiotic and probiotic in the epithelial cells of the intestine Recent research has identified that a synbiotic increases the activity levels of birds, perhaps stimulating better gut health (Mohammed et al. 2018 ).
Of the organs related to the immune system, the weights of the thymus, liver and bursa of fabricius were unaffected by treatment, but the spleen was considerably increased in weight in the synbiotic treatment (p = 0.004) ( Table 9 ). In ovo administration of synbiotic has been demonstrated in several studies to increase the size of the spleen or to increase the ratio of the main peripheral lymphatic organ in broilers -the spleen -to the central organs -the bursa of Fabricius and thymus gland (Madej et al. 2015) . It may achieve this by activating dendritic cells in Peyer's patches, which stimulate T lymphocytes to 1 Contained the following microbiota: Lactobacillus plantarum 1.89 × 10 10 cfu/kg, Lactobacillus delbrueckii subsp. bulgaricus 3.09 × 10 10 cfu/kg, Lactobacillus acidophilus 3.09 × 10 10 cfu/kg, Lactobacillus rhamnosus 3.09 × 10 10 cfu/kg, Bifidobacterium bifidum 3.00 × 10 10 cfu/kg, Streptococcus salivarius subsp. Hermophilus 6.15 × 10 10 cfu/kg, Enterococcus faecium 8.85 × 10 10 cfu/kg, Aspergillus oryzae 7.98 × 10 9 cfu/kg, and Candida pintolopesii 7.98 × 10 9 cfu/kg 2 Based on polysaccharides derived from a plant used for Chinese medicine, milkvetch (Astragalus membranaceus) (16% polysaccharides) (16.7 mg/g), beta 1,3 glucans (1.85 mg/g), lactoferrin (1.85 mg/g) and L-glutamine (1.85 mg/g) 3 SEM: standard error of mean influence immune function at distant mucosal sites, or it may be the result of direct stimulation of B cell proliferation the spleen and synthesis of immunoglobulin (Ghasemi et al. 2014 ). Blood glucose levels (mg/dL) were higher (p = 0.001) in the birds fed the probiotic (199.5 mg/dL) and prebiotic (184.7 mg/dL) treatments compared to the blood glucose levels from birds fed the synbiotic (143.1 mg/dL) treatment (Table 10) . Those from birds in the antibiotic (163.1) and control (167.1) treatments were not significantly different from those in the prebiotic and synbiotic levels. Total cholesterol (mg/dL) from birds fed the antibiotic treatment was significantly higher compared to the other treatments. Triglyceride concentration (mg/dL) was higher in the control treatment (92.6) than in the prebiotic (50.9), synbiotic (60.6) and antibiotic (67.0) treatments (p = 0.004). High density lipoproteins (HDL) (mg/dL) were less in the prebiotic treatment (69.0) than the antibiotic, probiotic and synbiotic treatments (85.7-91.5) (p = 0.005). Low density lipoproteins (LDL) (mg/ dL) were lowest in the probiotic (29.9) and prebiotic (31.0) treatments than the antibiotics (64.4) or control (56.4) treatments (p = 0.002). The LDL/HDL ratio was less in the probiotic (0.33) than in the antibiotic (0.73) and control (0.77) treatments (p = 0.02). Very low density lipoprotein (VLDL) concentrations (mg/dL) were higher in the control treatment (18.5) than in the antibiotic (13.4), prebiotic (10.2) and synbiotic (12.1) treatments (p = 0.004). A beneficial effect of the prebiotic in reducing blood cholesterol has been observed previously Ghasemi et al. (2014) , with lower triglyceride, cholesterol and LDL cholesterol concentration by including either a prebiotic or a synbiotic in the diet of broilers. Dietary inulin supplementation in particular reduces triglyceride concentrations (Velasco et al. 2010) . Garlic has been found to decrease LDL relative to an antibiotic treatment, similar for LDL results when the prebiotic and probiotic treatments were fed to the prebiotic and probiotic in this experiment (Toghyani et al. 2011) . Garlic also increased HDL, relative to control and antibiotic treatments (Toghyani et al. 2011 ). In the current study, the both the antibiotic and probiotic increased HDL relative the control.
Uric acid concentrations (mg/dL) were higher (p = 0.04) from birds fed the antibiotic treatment (3.62 mg/dL), compared to the control (2.36 mg/dL), prebiotic (2.17 mg/dL) and probiotic (2.47 mg/dL) treatments. Alkaline phosphatase (U/L) concentrations were higher (p = 0.0001) in the probiotic (355 U/L) and prebiotic (421 U/L) treatments compared to the other three treatments (137-149 U/L). The total protein (g/dL) levels were higher (p = 0.02) in birds fed the control, antibiotic and synbiotic treatments (3.9-4.1 g/dL) compared to the levels from birds fed the prebiotic treatment (2.6 g/dL). There were no treatment effects on albumin concentrations (p = 0.13). Concentrations (mg/dL) of Ca were lower (p = 0.02) in the birds fed the probiotic treatment. Concentrations (mg/dL) of P were higher (7.5) (p = 0.003) in the probiotic than other treatments (9.3-10.2 and 5.0-6.1, respectively), except the birds fed the synbiotic for whom P concentrations (6.9) were not significantly different from that in the probiotic treatment.
The cecal contents of birds fed the prebiotic treatment had higher concentrations of aerobic bacteria compared to the levels of aerobic bacteria from the ceca of birds fed the control, probiotic and synbiotic treatments (P = 0.04) (Table 11) . Similarly birds fed the prebiotic treatment had the highest concentrations of lactic acid producing bacteria (P = 0.001) compared to the concentration of lactic acid producing bacteria from birds fed the antibiotic, probiotic and synbiotic, and control treatments. Enterococcus bacteria and E. coli concentrations were higher (p = 0.001) in the antibiotic treatment compared to the concentrations from birds fed the other treatments. E. coli were lowest in the prebiotic, synbiotic and probiotic treatments and highest in the antibiotic treatment.
The antibiotic had a selective effect on cecal microbiota, increasing the enterococci and E. coli, relative to the other treatments, and the lactic acid producing bacteria relative to control and synbiotic. Aerobic bacteria were increased in the prebiotic treatment, relative to the control, probiotic and 10 cfu/kg, Lactobacillus rhamnosus 3.09 × 10 10 cfu/kg, Bifidobacterium bifidum 3.00 × 10 10 cfu/ kg, Streptococcus salivarius subsp. Hermophilus 6.15 × 10 10 cfu/kg, Enterococcus faecium 8.85 × 10 10 cfu/kg, Aspergillus oryzae 7.98 × 10 9 cfu/kg, and Candida pintolopesii 7.98 × 10 9 cfu/kg synbiotic, and the lactic acid producing bacteria were also higher in the prebiotic treatment, relative to the other treatments. This is in contrast to a reduction in E. coli and absence of effect on lactobacilli previously recorded with flavomycin (Ni et al. 2012) , which may explain why no beneficial effects on weight gain were observed, compared with the control.
Beneficial effects of prebiotics in stimulating healthpromoting bacteria in the gastrointestinal tract, in particular the lactobacilli, were confirmed in this study. Inulin supplementation, a constituent of the synbiotic in our study, has been observed to increase bifidobacteria and reduce E. coli in the cecum of broilers (Nabizadeh 2012) . The same synbiotic as used in our study has previously reduced cecal Escherichia coli and total coliform populations and increased lactobacilli (Dibaji et al. 2014) .
From an animal welfare perspective it was essential to add an antmicrobial to the diet of birds in intensive confinement conditions. Thyme is known to have antimicrobial properties when added to the diet of poultry Khan et al. (2012) but interactions with the alternative antimicrobial compounds tested in this study may have occurred and would need to be the subject of another study.
Limitations of the study
The study has identified major effects on gut morphology and benefits of alternatives to antibiotics, but cannot be implemented in today's industry without significant further research. The sample size was necessarily small, and was determined as the least number of birds required to demonstrate effects that are of production, economic and physiological value. In this respect, the trial was successful as major and novel effects were demonstrated as statistically significant. However, before widespread adoption there should be further testing under a wider set of circumstances than those tested here, different light and nutritional regimes for example. Secondly additional testing is necessary to explore the gut morphology effects and how they have an impact on nutrient utilisation and immunocompetence in particular. In terms of methodology, the selection of representative birds presents a dilemma of whether to use the same bird for both blood sampling and dissection or to use two different birds. We chose the latter, selecting each time birds that were most similar to mean body weight for the group. This reduces the chance effect that a bird selected was not representative of the group, i.e. it spreads the variation. However, it amplifies the risk that carcass measurements will not correlate with the blood measurements.
Conclusions
1. Provision of a synbiotic in the diet of broiler chickens had the most beneficial effects compared to a prebiotic, probiotic, antibiotic or a control treatment. Relative to some of the other treatments, the synbiotic improved weight gain and feed conversion ratio and carcass weight, and in particular drumsticks, as a proportion of body weight, as well as reducing abdominal fat and kidney mass, as a proportion of body weight. In addition to increasing the weight of the gizzard, proventriculus and duodenum, the synbiotic reduced wall thickness in most sectors of the gastrointestinal tract. 2. Specific benefits of the prebiotic in reducing blood cholesterol and increasing lactic acid producing bacteria were observed. 3. The results need confirmation in other scientific studies and in meat chicken production practice. If confirmed they demonstrate the benefits of alternative approaches to antibiotic prophylaxis that will be important in a world without antibiotics routinely provided to broiler chickens. Further research is needed to understand the effects of the synbiotic on gut morphology in particular, which should include measures of immune function and nutrient utilisation. 
